Gate leakage current is expected to be the dominant leakage component in future technology generations. In this paper, we propose methods for steady-state gate leakage estimation based on state characterization. An efficient technique for pattern-dependent gate leakage estimation is presented. Further, we propose the use of this technique for estimating the average gate leakage of a circuit using pattern-independent probabilistic analysis. Results on a large set of benchmark ISCAS circuits show an accuracy within 5% of SPICE results with 500X to 50000X speed improvement.
INTRODUCTION
The desire to improve device performance h a s resulted i n aggressive scaling of gate oxide thickness to below 2nm. At such oxide thicknesses, there occurs an increased probability of direct tunneling of charge carriers through the gate oxide. This has resulted in an alarming increase in gate leakage current. Gate leakage is predicted to increase at a rate of more than 500X per technology generation, while sub-threshold leakage increases by around 5X for each technology generation [l] . This could result in gate leakage becoming the dominant contributor to leakage current. Gate leakage power, which was almost non-existent in previous technology generations, is expected to contribute more than 15% to the total power consumption in a 2004 technology generation.
Extensive work has been done on the modeling, analysis and reduction of gate leakage current from a CMOS technology viewpoint [2, 3] . Since these proposed solutions are currently Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. (jlburns,devgan}@ us.ibm.com infeasible, there is a need to address gate leakage from a circuits perspective. The effect of gate leakage on circuit performance and dynamic behavior of the floating body in SO1 devices was examined in [4, 51. In [6] , the authors presented circuit-level techniques for gate leakage minimization. In each of these reports, extensive SPICE simulations were performed to obtain estimates of gate leakage. This can be extremely time-consuming, especially for large circuits. To be able to obtain full-chip estimates of gate leakage, it is necessary to accurately and quickly estimate individual gate leakage currents and sum the gate leakage of all of the devices.
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In this paper, we propose efficient techniques for gate leakage estimation in steady state. These techniques are based on a switch-level analysis of the circuit and hence can efficiently analyze large circuits. An analysis of gate leakage and its dependencies is presented in Section 2. In Section 3 we present a technique for accurately determining gate leakage of a circuit for a given input pattern. We extend this technique by using a pattern-independent probabilistic analysis to estimate the average gate leakage current of the circuit in Section 4. These methods are applied to a set of benchmark ISCAS circuits and the results are compared to those of SPICE in Section 5. The findings and contributions are summarized in Section 6.
GATE LEAKAGE REVIEW
Gate leakage current f o r an NMOS transistor as a function of gate-to-source (VGS) and drain-to-source (V,,) bias in a stateof-the-art sub O.1pm SO1 process is shown in Fig. 1 . Gate leakage is an exponential function of the electric field across the gate oxide, so gate leakage current shows an exponential dependence on the gate-to-source (VGs) bias. At high gate bias, gate leakage current decreases with increasing drain-tosource bias. This can be attributed to the fact that a higher drain voltage results in a smaller electric field across the gate oxide at the drain end of the channel (lower VGD). At low gate bias, gate leakage was found to increase with increasing drain bias (due to the increase in reverse gate leakage with increasing drain bias, i.e., VGD).
Gate leakage current was found to be almost insensitive to the body-node voltage. At high gate bias, the channel shields the body node from the gate. At low gate bias, the edge-tunneling currents from the source-drain extensions to the gate dominate [ 7 ] . Thus, gate leakage of a transistor for a given technology is determined by the gate-to-source (VGs) and gate-to-drain (VGD) bias seen by the device.
The bias conditions seen by a device in a circuit depend on its position in the circuit and the applied input vector. The six possible bias conditions for an NMOS transistor at steady state are shown in Fig. 2 with the associated gate leakage currents for those bias conditions. The remaining two states, namely <101> and <110> at the gate, drain and source of the transistor, are transient states. These states cannot occur in steady state as the drainhource nodes will eventually reach logic '1' level resulting in the <111> bias state. In all of these states, the device terminals are assumed to be at full supplyrail voltages. An identical set of states exists for a PMOS transistor, i.e., a < I 111 at the gate, drain and source of a PMOS transistor would correspond to an S(0) state. Let the gate leakage for a unit-width transistor in each of these k states be denoted by Ig(k).
It can be seen that a device exhibits gate leakage only in four of the six possible states. In each of these states, there exists a path from the gate and source or drain of the device to V D~, or Vss lines. In other words, the gate of the leaky device acts like a resistor connected between the VDD and Vss lines. The gate leakage of any device in the circuit can hence be estimated from its bias state if there exists a conducting path from its device terminals to the supply-rails. The total gate leakage of the circuit is the sum of the gate leakage of the individual devices since they can be considered to be parallel resistances connected between VDD and VSS.
PATTERNDEPENDENTGATE LEAKAGE ESTIMATION
Since the gate leakage of a device depends on its bias state, gate leakage of a transistor in a stack depends on the state of the internal nodes. The state of the internal nodes is determined by the applied input accurately estimate given input vector. Given an input vector, it is possible to perform a switch-level simulation to determine the state of the internal nodes of the circuit. Here, it is assumed that the internal nodes attain full logic levels (i.e., are either at VDD or VSS). Also, in a transistor stack, it is assumed that the entire voltage drops across the uppermost 'OFF' device. These are fairly good assumptions, since gate leakage is an exponential function of the terminal voltages and is negligible if no conducting path exists from the device terminals to the supply-rails. When a device in a NMOS transistor stack is 'OFF', there exists no conducting path from VDD to the drain terminal of devices below it and hence these nodes can be assumed to be nearly at ground potential. For instance, when input <010> is applied to a Nand3 cell as shown in Fig. 3 , the output is at logic high state. The internal nodes A and B are assumed to be at '0' state. The bias state of each transistor can then be identified. In this case, the PMOS transistors P1 and P3 are 'ON' with a high VGs and high VGD and hence are in S(4) state. On the other hand, the PMOS transistor P2 is 'OFF' with a zero VGs, and VGD and hence is in state S(0). Similarly, the NMOS transistors N1, N2 and N3 are assumed to be in states S(1), S(4) and S(O), respectively. The total gate leakage can then be computed by scaling the width of each device by the unit-width leakage in that state and adding the individual gate leakages, i.e., Ig = X i W( i)Ig( s( i))
A special check needs to be made for devices in S4 state. This is because a device may be in S4 state without having a path from either its drain or source terminals to the supply-rails. This arises due to the assumption that all internal nodes attain full logic levels. For instance, consider the transistor N2.
Though it is in S(4) state, there exists no path from its drain or source to the Vs, terminal and hence the device does not exhibit significant gate leakage. Therefore, all devices in such a state can be considered to be equivalent to a device in the S(0) state.
This method can be used for the analysis of any circuit with full-rail CMOS logic families. It is equally applicable to full custom and standard-cell based designs and can also be used Table 1 and compared with SPICE simulation results. As seen, the leakage estimates obtained by this method are very accurate, with an average error of less than 1% and a maximum error of less than 2%. 
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PATTERN INDEPENDENT GATE LEAKAGE ESTIMATION
This section presents a technique for accurately and quickly estimating the average gate leakage of the circuit. This is achieved by using a probabilistic analysis in conjunction with the above method for pattern-dependent gate leakage estimation. The average gate leakage of the circuit is the probabilistic mean value of the gate leakage of the circuit.
Ig,, = E[C~W(;)Z~(S(~))I i.e.,
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Here P ( j ) is the probability of occurrence of state j . Thus, computing the average gate leakage of the circuit requires determining the probability of occurrence of each state of each device in the circuit.
Consider the NMOS tree of a typical Oai211 cell as shown in Fig. 4 . Let the inputs to the cell have probability PA, pB, pC and pD of being in the logic high state, respectively. A device is in state S(1) if it is the uppermost 'OFF' device in a transistor stack. For the device to be in S( 1) state, there should exist an 'ON' path from the supply-rail to its drain terminal (i.e., there exists a conducting path above it), while the device Table 3 . Probability of occurrence of state S(4) for all devices in a typical Oai211 cell shown in Fig. 4 I N 3 I p C * p D I itself should be 'OFF'. In other words, the devices above it in the stack should have their inputs at logic 1 state, while the device itself has a logic 0 input. For instance, for the device N4 to be in state S(1), either input A or input B should be high, input C should be high, while input D is low. The probability of occurrence of this combination can easily be computed using the input probabilities as shown in Table 2 . Similarly, a device is in a valid S(4) state if the device is 'ON' and there exists a path from its source terminal to the V,, rail (i.e., there exists a conducting path below it). In other words, the devices below it in the transistor stack and the device itself should be 'ON'. For device N1 to be in state S(4), inputs A, C and D should be high. This can also be computed as shown in Table  3 . Here, the inputs are assumed to be uncorrelated. Thus, the input occurrence probabilities can be used to determine the probability of occurrence of each state in the cell. This can then be used to estimate the average gate leakage of the cell as given by Eqn. 1. The accuracy of this method depends on the accuracy of the input occurrence probabilities for each cell and their correlation. Table 4 lists the average gate leakage obtained using this method compared with SPICE for a variety of commonly used library cells. The error in average gate leakage estimation is less than 5% for all these cells, with an average error of 2% over all the cells. 
RESULTS
The proposed methods were implemented and tested for a set of benchmark ISCAS circuits implemented in a sub O.1pm advanced SO1 process. The total gate leakage was computed for 1000 random input vectors using the proposed patterndependent leakage estimation scheme presented in Section 3 and compared with the results obtained from SPICE. The average error across all the input patterns was less than 0.5% with a maximum error of 3.5% for a vector for the c880 circuit. The average speed-up compared to SPICE was about 500X. As an example, Fig. 5 shows the percentage error for all 32 possible vectors for the 5-input c17 benchmark circuit compared to SPICE.
The pattern-independent gate leakage estimation technique was extended to determine the average gate leakage of the entire circuit by computing the probability of occurrence for each node in the circuit using the approach presented in [SI while assuming an occurrence probability of 0.5 for each input to the circuit. The probability of the output node of each cell was computed by determining the probability of the existence of a conducting path in its PMOS tree. Given the probabilities of the inputs to a cell, the average leakage of the cell was computed using the technique presented in the Section 4. Table   5 lists the average gate leakage obtained for a set of ISCAS benchmark circuits using this approach. The average leakage from SPICE is obtained by applying 10000 randomly generated vectors to the circuit. The average error is less than 2% (with a maximum error or less than 4%) while the run-time is over 50,OOOX faster as than SPICE.
CONCLUSIONS
In this paper we propose techniques for quick and accurate estimation of gate leakage current. We present an efficient pattern-dependent gate leakage estimation technique applicable to any full-rail CMOS logic family for determining the gate leakage of a circuit for any specified input vector. Further, we propose a pattern-independent gate leakage estimation technique that can be used to determine the average gate leakage of a circuit with an average error of less than 2% .
These techniques obtain 500X to 50,OOOX speedup compared to SPICE. 
